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Plasma membrane-associated proteins are clustered
into islands attached to the cytoskeleton
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Although much evidence suggests that the plasma membrane of
eukaryotic cells is not homogenous, the precise architecture of this
important structure has not been clear. Here we use transmission
electron microscopy of plasma membrane sheets and specific
probes to show that most or all plasma membrane-associated
proteins are clustered in cholesterol-enriched domains (“islands’’)
that are separated by “protein-free” and cholesterol-low mem-
brane. These islands are further divided into subregions, as shown
by the localization of “raft” and “non-raft” markers to specific
areas. Abundant actin staining and inhibitor studies show that
these structures are connected to the cytoskeleton and at least
partially depend on it for their formation and/or maintenance.

cholesterol | electron microscopy | microdomains | plasma membrane
structure

In eukaryotes, the plasma membrane serves to segregate the
cell from its environment and to serve as the principal
interface for communication between cells. Thus, its structure
and properties are likely to impact many biological processes.
For many years, the “fluid mosaic”” model of Singer and Nicolson
(1) has shaped our view of the plasma membrane. In this model,
proteins diffuse freely in a homogenous lipid environment. This
model found support in the work of Frye and Edidin (2), who
showed that surface proteins could diffuse throughout a plasma
membrane. But subsequent results showed that protein diffusion
is 5-50 times slower in the plasma membrane than in artificially
reconstituted membranes or liposomes, suggesting that there are
significant barriers to movement (3).

Another clue suggesting that the plasma membrane has a more
complex architecture was the finding that it was not homogenous
with regard to protein and lipid composition, leading to the
“lipid raft” model of van Meer and Simons (4). This model
suggests that rafts have a distinct lipid composition that requires
cholesterol and renders them resistant to certain detergents (5,
6). The partitioning of specific proteins into these lipid rafts has
been suggested to be important in many cases of cell surface
receptor signaling.

Another type of analysis that has indicated that plasma
membranes have distinct compartments is single-particle track-
ing, which has shown that a number of transmembrane proteins
and lipids are restricted in their movement to “confinement
zones” that vary in size from 30 to 700 nm, depending on the cell
type, protein, or lipid (7, 8). Within these compartments, pro-
teins can diffuse with coefficients similar to those in synthetic
membranes or liposomes (7). These results and others have led
to the “picket-fence” model, in which transmembrane proteins,
like pickets, are anchored to and lined up along a fence of
cytoskeletal proteins surrounding the confinement zones (9).
Lastly, recent results using single-molecule imaging have shown
that GFP-labeled molecules associated with the plasma mem-
brane move within confined and, in at least some cases, non-
overlapping regions (10).

Recently, we became interested in using transmission electron
microscopy of membrane sheets to try and approach the problem
of plasma membrane structure (11). We adhered T cells and
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other cells to coated EM grids by a variety of procedures and
“ripped” the adherent plasma membrane away from the rest of
the cell. This procedure exposed the cytoplasmic face of the
plasma membrane to antibodies and other specific markers. By
using a variety of probes, we found that all membrane-associated
proteins in the cells that we examined are clustered into what we
refer to as “protein islands” that can be subdivided further into
regions that can be labeled with a “raft” marker versus a
“non-raft” marker. Furthermore, all of these protein-rich islands
contain actin, which may provide a direct link to the cytoskeleton
of the cell. We find the same results with other different cell
types as well, suggesting that this type of organization is general
and, thus, provides us with a new framework for understanding
plasma membrane heterogeneity, function, and intercellular
communication.

Results

Plasma Membrane Preparations from Activated and Nonactivated T
Cells. Short-term cultures of lymph node cells from 5c.c7 T cell
receptor (TCR) transgenic mice represent an abundant source of
physiologically normal antigen-specific T cells. T cells were
allowed to bind to EM grids coated either with poly-L-lysine
(PLL) or the relevant peptide-MHC (I-E¥/MCC), plus costimu-
latory B7.1 molecules to mimic an antigen-presenting cell sur-
face. T cells were bound to the PLL surfaces for 60 min at 37°C
or alternatively preincubated with 50 uM PP2, a src kinase
inhibitor that inhibits activation through the TCR and adhesion
molecules, for 10 min at 37°C. Otherwise, T cells were activated
for 3 min at 37°C on surfaces coated with I-EX/MCC and B7.1.

The activation efficiency of the different surfaces with or
without PP2 treatment was analyzed by using video microscopy
to assess calcium signaling (12). Untreated T cells interacting
with the PLL surfaces adhere and spread strongly. These sur-
faces also induce sporadic calcium fluxes of very low intensity. T
cells adhere well to the activating surface, although spreading is
significantly reduced compared with the PLL surface, suggesting
that the latter involves Focal Adhesion Kinase. Calcium signaling
by T cells on the activating surface is comparable in strength and
profile with T cells activated by antigen-presenting cells (data not
shown). PP2 treatment completely inhibits cell spreading and
calcium signaling in cells interacting with any surface.

For the EM studies, T cells were bound to the coated grids as
described above. A coverslip coated with PLL is attached to the
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Fig. 1.

Localization of membrane-associated proteins in T cells. (A) Membrane sheets from resting T cells (PLL surface after PP2 treatment) were biotinylated

on SH groups. Biotinylated proteins were detected by using streptavidin-conjugated 5-nm gold particles. (Left) An unmodified image of a typical membrane
sheet. (Center) The same image in pseudocolor with the gold particles shown in filled black circles. (Right) Graph showing clustering by Hopkins analysis. (B)
Membrane sheets from activated T cells (I-EK/MCC + B7.1 surface) were labeled with 5-nm gold particles for tyrosine phosphorylation (Left) and ubiquitinylation
(Right). Images are shown in pseudocolor with the gold particles shown as filled black circles. Hopkins analyses for tyrosine phosphorylation (Left) and
ubiquitinylation (Right) show significant clustering. The relationship between the EM stain and pseudocolor is shown in the false-color bar.

tops of the adhered cells. While slight pressure is applied to the
coverslip using a rubber cork, excess liquid is removed by suction.
The cells are then ripped by manual separation of the coverslip
and the EM grid (11, 13-17), which leaves resting (on PLL) or
activated (on I-EX/MCC + B7.1) membranes bound to the grid
[this procedure is illustrated in supporting information (SI) Fig.
5A4]. The membranes are large (=7-10 um) sheets of plasma
membrane with the cytoplasmic side exposed (SI Fig. 5B). After
paraformaldehyde or paraformaldehyde/glutaraldehyde fixa-
tion, proteins were labeled with antibodies and other reagents
bound to gold particles. The standard EM staining reagents
osmium tetroxide, tannic acid, and uranyl acetate were applied
sequentially to visualize membrane structures and add contrast.
The quality of the fixation was examined by using fluorescent
correlation spectroscopy of GFP-tagged raft and non-raft mark-
ers (described in Visualizing Raft and Non-Raft Regions) in “live”
membrane sheets, demonstrating that membrane-attached pro-
teins are rapidly immobilized upon addition of fixative (data not
shown). The quality of the membrane sheets was also demon-
strated by the preservation of cytoskeletal structures, clathrin
coated pits, and vesicles (SI Fig. 5B). Examples of membrane
sheets that were not used for analyses due to imperfections, like
ruffles and holes, are shown in SI Fig. 5C.

All Membrane-Associated Proteins Are Clustered. In our analysis of
both activated and resting T cell membranes, we saw a patchwork
of dark and light staining regions, with the former occupying
~20-50% of the plasma membrane depending on cell type and
adhesion conditions (Fig. 14). This pattern in T cells is very
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similar to that reported previously for mast cell, B cell, and
fibroblast membranes (13-17). To better visualize these different
regions, we used software that uniformly colors the EM images
(Fig. 1A4). All original images of membrane sheets are still on
hand in either each figure or the supporting information. In our
analyses and in those previously reported (13-17), antibodies
directed at over a dozen cell surface and signaling proteins
invariably labeled their targets within the darker contrast re-
gions. These findings raised the possibility that all membrane-
associated proteins would localize to these areas.

To test this hypothesis, we first analyzed membrane sheets
from resting T cells. Proteins within the membrane sheets were
biotinylated on sulthydryl or carboxyl groups and labeled with
streptavidin-gold (Fig. 14 and SI Fig. 64). However, this
labeling procedure did not label proteins that were exclusively on
the extracellular side of the plasma membrane (e.g., glyco-
sylphosphatidylinositol-anchored molecules) or had no available
sulfhydryl or carboxyl groups in their cytosolic domains. In each
case, the distribution of gold particles was analyzed for statisti-
cally relevant clustering by Hopkins analysis (18). In this analysis,
a Gaussian distribution shows that the label was distributed
randomly, whereas a shift to the right indicates clustering. The
marked rightward shift in the Hopkins analysis and the local-
ization of the gold label in these experiments indicates that in
resting T cell membranes, proteins as a whole were clustered
within the darker contrast regions (Fig. 14 and SI Fig. 64,
graphs) and that clustering was independent of the modification
chemistry.

The results of these experiments are consistent with the
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Fig. 2.

Localization of raft and non-raft markers. (A) Membrane sheets from resting (Left) and activated (Right) T cells expressing tagged non-raft and raft markers,

which are shown in filled red circles (5-nm gold particles) and filled black circles (10-nm gold particles), respectively. Hopkins analyses show clustering for the non-raft
marker (top graphs) and raft marker (middle graphs). The Ripley’s K analyses (bottom graphs) show repulsion or explicit separation. (B) Membrane sheets from activated
T cellsinfected with either a non-raft (Left) or raft (Right) marker were stained for the expressed marker with specific antibodies (10-nm gold particles, filled black circles)
and for cholesterol with perfringolysin O labeled with 5-nm gold particles (filled red circles). Hopkins analyses for cholesterol show slight clustering (top graphs), whereas
the raft and non-raft markers are strongly clustered (middle graphs). Ripley’s K analyses show colocalization for raft and non-raft markers with cholesterol (bottom
graphs). The relationship between EM stain and pseudocolor is shown in the false-color bar.

hypothesis that the darkly staining regions in these membrane
preparations contain most or all membrane-associated proteins.
In >50 membrane sheets analyzed for protein localization by
amino acid biotinylation, we did not detect any biotinylated
proteins in low contrast areas. These results were repeated and
confirmed in membrane sheets attached to PLL at 4°C and 37°C
in the presence and absence of PP2 (data not shown).

The same biotinylation patterns were observed in membrane
sheets from MDCK (dog kidney), RBL-2H3 (rat basophil), and
CHO (Chinese hamster ovary) cells adhering to PLL-coated EM
grids (SI Fig. 7). Consequently, this finding that membrane-
associated proteins are clustered within the darker staining
regions is most likely true for most, if not all, eukaryotic cell
types.

We wanted to investigate this phenomenon in activated T cells.
However, biotinylation of SH groups in membrane sheets is
possible only on EM grids coated with PLL, because the SH
groups within the immobilized ligands on an activating surface
cause strong background labeling. Therefore, we stained mem-
brane sheets from activated T cells with antibodies specific for
posttranslational modifications. These results show that all de-
tectable tyrosine phosphorylation, ubiquitinylation, and sym-
metrical or asymmetrical dimethylation localized exclusively to
the dark areas (Fig. 1B and SI Fig. 6B). Hopkins analyses for all
of these stains show strong clustering (Fig. 1B and SI Fig. 6B,
graphs). We also assessed the same protein modifications in
membrane sheets from nonactivated T cells on PLL (with or
without PP2 treatment) and obtained similar results (data not
shown). As expected, tyrosine phosphorylation was strongly
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reduced in nonactivated T cells and undetectable after PP2
treatment.

All of the above results together show that all proteins
associated with the plasma membrane were clustered in regions
of higher contrast, which we propose to call protein islands.

Visualizing Raft and Non-Raft Regions. The existence of lipid rafts
in plasma membranes has been an area of considerable contro-
versy. To label lipid rafts, we used the N-terminal 10 aa of the
tyrosine kinase Ick (containing a N-terminal myristoylation site
and two S-palmitoylation sites) plus five additional lysine resi-
dues and either a tandem HA- or Myc-tag as a raft marker (19,
20). This marker was transformed into a non-raft marker with a
“myristate plus basic” signal by mutating its S-palmitoylation
sites from cysteine to alanine (20). Both constructs were ex-
pressed and localized in membrane sheets from resting and
activated T cells (Fig. 24 and SI Fig. 84). All experiments were
repeated with inverted gold sizes and tags. Each tag was detected
with antibodies from different species. Noninfected T cells did
not show any label with the antibodies specific to the tags.
Together, the two markers occupied 45-60% of the protein
islands, and neither was detectable in the lighter staining regions.
As shown by Hopkins analysis, each marker was highly clustered
with respect to itself (Fig. 24 and SI Fig. 84, top and middle
graphs). Colocalization was analyzed by using bivariate Ripley’s
K statistic (21, 22). The bivariate Ripley’s K analysis is shown by
a plot of L(¢) — ¢ (y axis) versus distance in nanometers (x axis).
L(t) — t values represent the number of differently sized
neighbors to any gold particle within a certain distance. The
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black dotted line shows the theoretical values of L(#) — ¢ for two
randomly colocalizing gold labels with the same staining inten-
sities as in the image. A data curve (represented by a red line)
is based on the actual localization of gold particles in an image
and has to lie above the 99% confidence envelope (represented
by black lines) to show statistically significant attraction or
association of two differently sized gold labels or below it to show
their repulsion or explicit separation. The two markers are
clearly separated when analyzed in this way (Fig. 24 and SI Fig.
84, bottom graphs). Interestingly, we find that in the activated
membrane sheets the raft and non-raft clusters are more aggre-
gated, with contacts between raft and non-raft regions becoming
more frequent. Therefore, the common border increases in
length (Fig. 2A and Fig. 8A), indicating functional influences on
the protein island morphology. The small number of raft mark-
ers in non-raft areas is consistent with previously published
results and presumably reflects continuous depalmytoylation
(19, 23). These results show that both raft and non-raft proteins
are clustered and occupy distinct areas within the protein islands.

Another characteristic of lipid rafts is thought to be their
enrichment for cholesterol and their loss of “detergent resistance”
after depletion of cholesterol with methyl-B-cyclodextrin (6). We
detected cholesterol in the inner leaflet of membrane sheets from
resting and activated T cells with monomeric perfringolysin-O
conjugated to 5-nm colloidal gold (24). Cholesterol distribution was
specifically compared with that of the raft or non-raft markers
described above. Remarkably, cholesterol is present throughout the
protein islands, where it colocalizes with both raft and non-raft
markers visually and by Ripley’s K statistics (Fig. 2B and SI Fig. 8B,
bottom graphs). In contrast, cholesterol is dramatically reduced in
the protein-free areas. Hopkins analyses show that the distribution
of cholesterol is non-random (Fig. 2B and SI Fig. 8B, top graphs)
but less ordered than either marker (Fig. 2B and SI Fig. 8B, middle
graphs). We also treated T cells with the cholesterol-depleting
reagent methyl-B-cyclodextrin and could no longer detect the
perfringolysin-O gold labeling (data not shown). However, deple-
tion of cholesterol has no significant influence on the localization
or clustering of the raft and non-raft markers in the membrane
sheets of resting or activated T cells, suggesting that cholesterol is
not required for localization of membrane-associated proteins to
the protein islands (data not shown), although it may well be for
functional properties.

Actin Anchors the Protein Islands. Numerous studies have shown
that the cytoskeleton plays an important role in membrane
compartmentalization. Therefore, membrane sheets from rest-
ing and activated T cells were stained with antibodies to either
actin (all six isoforms) or B-tubulin. Actin is detected abundantly
in most protein islands and is excluded from the light staining
areas (Fig. 34 and SI Fig. 94). This finding is in contrast to
B-tubulin, which can be detected in only a subset (SI Fig. 94). In
additional experiments, both actin and B-tubulin colocalize with
the raft and the non-raft markers (SI Fig. 94).

The heavy actin staining that we see associated with these
islands suggests that actin polymerization might play an impor-
tant role in the structure of these entities. A technical problem
with using actin-depolymerizing reagents is that they prevent
cells from adhering to surfaces (data not shown). Thus, we
surface-biotinylated amine groups on T cells and then incubated
them with either cytochalasin D or with the more potent
actin-depolymerizing agents latrunculin A or B for 90 min at
37°C. Cells were then attached to EM grids coated with strepta-
vidin for an additional 60 min at 37°C in the presence of the
drugs. A coverslip coated with streptavidin was applied to the
tops of the cells bound to the EM grid, followed by ripping and
paraformaldehyde fixation. EM grids were further treated as
described above. Untreated and drug-treated T cells do not
spread as much on this surface, and the density of the protein
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Fig.3. Cytoskeletal association of proteinislands. (A) Membrane sheets from
resting T cells were stained for actin (all six isoforms) with 5-nm gold particles
(filled black circles). Hopkins analysis shows clustering (graph). (B) T cells were
surface-biotinylated on NH; groups and cultured for 90 min with (Upper) or
without (Lower) 20 uM latrunculin A. T cells were adhered to streptavidin-
coated EM grids for an additional 60 min in the continued absence or presence
of the drug and ripped by using a streptavidin-coated coverslip. In both cases,
Hopkins analysis shows clustering for raft and non-raft markers in the un-
treated and latrunculin A-treated cells (top and middle graphs, respectively).
Because of the high density of protein islands in the membrane sheets from
untreated T cells, no explicit separation can be detected with Ripley’'s K
function (bottom graphs). However, the markers still show separation in the
latrunculin A-treated cells (bottom graphs). An obvious reduction in the
number of protein islands after latrunculin A treatment is visible. The rela-
tionship between EM stain and pseudocolor is shown in the false-color bar.

islands was significantly increased compared with the previous
ripping techniques (Fig. 3B and SI Fig. 9B). Remarkably, all drug
treatments led to a dramatic reduction in the density of the
protein islands, with latrunculin A having the greatest effect
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(Fig. 3B and SI Fig. 9B). The raft and non-raft markers were still
clustered and localized to the dark staining regions (Fig. 3B and
SI Fig. 9B, top and middle graphs). Raft and non-raft regions
were distinct according to Ripley’s K statistic and comparable in
size to protein islands in untreated cells (Fig. 3B and SI Fig. 9B,
bottom graphs). Interestingly, the protein islands in the mem-
brane sheets from drug-treated cells still contained actin (SI Fig.
9C). This result is most likely due to short actin filaments or
G-actin monomers.

In contrast to these results, disrupting microtubule polymer-
ization with nocodazole under a variety conditions had no
obvious effect on rafts, non-rafts, or the protein islands in
general (data not shown).

Discussion

Our results using membrane sheets derived from short-term
cultured T cells and three other cell lines indicate that the plasma
membrane is divided into compartments that contain mem-
brane-associated proteins surrounded by protein-free regions.
The latter is supported by atomic force microscopy studies of
membrane sheets, showing similar sized regions with the thick-
ness of a lipid bilayer (25). (These studies also show that most
membrane sheets generated with this method have a continuous
lipid bilayer.) The protein islands described here have diameters
of ~30-300 nm, which are very similar to the sizes reported for
membrane confinement zones analyzed by using single-particle
tracking. Structures of this size are just at or below the limits of
fluorescence detection, which explains why they have not been
seen previously. We are able to subdivide these protein islands
into raft and non-raft regions by using Ick-derived raft and
non-raft markers. However, not all protein-containing regions
were labeled with these two probes. This result and the local-
ization of other raft and non-raft resident proteins suggest a
greater complexity to the protein islands than just these
designations.

We find that protein islands are enriched for cholesterol, with
very little in the protein-free regions, indicating that cholesterol
enrichment is not a unique feature of only detergent-resistant
membranes or raft structures but is a feature of all protein-
containing compartments. Cholesterol could, of course, be used
differently in raft regions versus non-raft regions.

The heavy actin staining of these protein islands and their
reduced density in membrane sheets after actin depolymerization
suggests a close linkage to the cytoskeleton, although given the
rapidity with which proteins diffuse in the plasma membrane, it is
unlikely that this connection is very rigid. That actin might have a
major role in the structure of these regions was indicated in previous
single-molecule studies by an increase in the size of confinement
zones and therefore a reduction of “hop-diffusion” rates (molecule
movement from one confinement zone to another) and a slight
increase in macroscopic diffusion rates after the depolymerization
of actin (e.g., refs. 3, 7, and 26). However, several studies failed to
see an effect of these agents on the movement of membrane-
associated molecules (e.g., refs. 26 and 27).

The pattern of high- and low-contrast staining regions using
this approach has previously been seen in a wide variety of other
cell types (e.g., mast cells, B cells, fibroblasts, ovarian cancer
cells, and lymphocytes) (13-17). Because membrane proteins
tagged by antibody probes invariably localize to areas of high
contrast, the protein island structures that we describe here are
likely to be a general characteristic of all or most cell types.

The results described here were obtained by using paraformal-
dehyde- or paraformaldehyde/glutaraldhyde-fixed membranes.
Therefore, one potential artifact is that the observed clustering is
due to cross-linking of proteins during fixation. However, the
molecules cluster in distinctly non-random ways, such as in the
differential clustering of raft and non-raft markers on activating
surfaces versus nonactivating surfaces, despite the fact that they
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Fig. 4. The protein island model. In this model all membrane-associated
proteins are clustered in protein islands (green lipids) that are surrounded by
a sea of protein-free membrane (yellow lipids). The islands can be subdivided
into raft and non-raft islands, which is also illustrated by their lipid composi-
tion (bright-green and dark-green lipids, respectively) and protein contents
(gray and red proteins, respectively). Molecules move with high diffusion rates
within the islands, and the islands themselves can move with significant
restrictions in the membrane. The protein islands are connected to the cy-
toskeleton (orange), most likely by actin because it plays a crucial role in island
formation and/or maintenance. We propose that theses islands can exchange
proteins and lipids by hop diffusion when in physical contact.

cannot interact with the surfaces themselves (Fig. 24). Further-
more, published data found by using this same protocol has shown
that Fc Receptor I on mast cells clusters independently of the
adaptor protein LAT (linker for activation of T cells) and associated
molecules and that they then move together (but do not interdig-
itate) upon activation (14). We have very similar results in the T cell
system described here showing that TCR/CD3 complexes clustering
independent from LAT and that they move together in an activated
cell (unpublished data).

Other possible artifacts due to the interaction of cells with the
surface of the EM grid were excluded by using three different
adhesion methods (immobilized ligands, PLL, and streptavidin)
with T cells. On all three surfaces, very similar or identical
protein islands were detected.

The data presented here suggest a different model of plasma
membrane organization. The original fluid mosaic model of
Singer and Nicolson (1) has already been modified over the years
into several different models of plasma membrane compartmen-
talization, driven by evidence suggesting the existence of lipid
rafts (4-6) and confinement zones, the detection of hop diffu-
sion (7), and the influence of actin on compartmentalization (7,
26) as well as recent single-molecule studies (10). Additionally,
T cell activation induces the formation of TCR-containing
microclusters, which can fuse to form larger clusters (28). The
latter supports our results showing aggregation of raft and
non-raft islands (Fig. 24 and SI Fig. 84) and TCR/CD3 com-
plexes and LAT clusters in T cells adhered to an activating
surface (unpublished data). These phenomena and our results
can all be encompassed into the protein island model (Fig. 4), in
which proteins localize to “proteinphilic” membrane compart-
ments, probably because of protein—protein interaction and/or
their affinity for certain lipids. These protein islands are sepa-
rated and surrounded by a “sea” of protein-free membrane and
are linked to the actin cytoskeleton. These actin anchors and the
larger actin polymers in the cortical cytoskeleton most likely play
a key role in protein island formation and/or maintenance, as
suggested by the inhibitor studies described here. The dynamics
and flexibility of the actin cytoskeleton would allow these
compartments to be mobile with a certain degree of restriction.
Raft regions occupy distinct regions within these protein islands,
and previous work has shown that they are uniquely sensitive to
cholesterol depletion, suggesting that they have a distinctive
structure and function. There may be multiple types of raft
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regions, as some have suggested, or it may be that different raft
resident proteins can localize to different regions on a cell
surface by segregating within protein islands (16). There may be
protein species that do not congregate in these islands, given that
our analyses do not include glycosylphosphatidylinositol-linked
proteins or molecules with no available sulfhydryl or carboxyl
groups in their cytosolic domains.

Our findings have implications for many cellular events involving
the plasma membrane. Activation thresholds, segregation, and
transduction of signaling pathways at the plasma membrane are all
likely to be influenced by the compartmentalization of membrane-
associated proteins into protein islands. Protein islands may also
play a role in cell-cell communication, membrane trafficking, and
membrane fusion. Therefore, although many aspects of the protein
islands are unknown at this time, we hope that the results described
here will be a useful framework for further investigation and
thinking about the structure and function of the plasma membrane.

Materials and Methods

T Cell Culture. T cells were isolated from lymph nodes of 5c.c7
TCR-transgenic mice and stimulated with MCC peptide with or
without retroviral infection with the Phoenix system (29). Cells
were maintained in RPMI medium 1640 plus 10% FCS. IL-2 at 30
units/ml was added to the cells after 24 h in culture. Cells were
harvested on day 6 or 7.

Preparation of Plasma Membrane Sheets and Gold Labeling. Formvar-
and carbon-coated nickel EM grids were coated with PLL as
described (13) or sequentially with biotinylated PLL, streptavidin,
and biotinylated I-EX/MCC and B7.1. Cells were allowed to attach
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to the differently coated grids. The grids were rinsed, placed on an
acetate disk, and covered with PLL- or streptavidin-coated cover-
slips. Pressure was applied to the coverslip by bearing down with a
cork. The coverslips were lifted, leaving the lower cell surface
adherent to the coated EM grid. Membranes were fixed immedi-
ately after the ripping procedure. Membrane sheets were labeled
with the appropriate detection reagents and postfixed followed by
sequential OsQy, tannic acid, and uranyl acetate staining as de-
scribed (13). Grids were air-dried and examined by transmission
electron microscopy.

EM Data Analysis. Negatives of membrane sheets were digitized
and machine-based colored. The positions of the gold particles
are indicated by circles (Figs. 1-3) according to their positions
determined during the mapping of gold particles for the
statistical analysis. Mapping gold particle distribution and
statistical analyses were performed as previously described
(21, 22).
For additional details, see SI Materials and Methods.
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